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Parkinson’s disease (PD) is the most common neurodegenerative movement disorder, and it is characterized by the selective loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc), as well as the presence of intracellular inclusions with α-synuclein as the main component in surviving DA neurons. Emerging evidence suggests that the imbalance of proteostasis is a key pathogenic factor for PD. Endoplasmic reticulum (ER) stress-induced unfolded protein response (UPR) and autophagy, two major pathways for maintaining proteostasis, play important roles in PD pathology and are considered as attractive therapeutic targets for PD treatment. However, although ER stress/UPR and autophagy appear to be independent cellular processes, they are closely related to each other. In this review, we focused on the roles and molecular cross-links between ER stress/UPR and autophagy in PD pathology. We systematically reviewed and summarized the most recent advances in regulation of ER stress/UPR and autophagy, and their cross-linking mechanisms. We also reviewed and discussed the mechanisms of the coexisting ER stress/UPR activation and dysregulated autophagy in the lesion regions of PD patients, and the underlying roles and molecular crosslinks between ER stress/UPR activation and the dysregulated autophagy in DA neurodegeneration induced by PD-associated genetic factors and PD-related neurotoxins. Finally, we indicate that the combined regulation of ER stress/UPR and autophagy would be a more effective treatment for PD rather than regulating one of these conditions alone.
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INTRODUCTION

Parkinson’s disease (PD), the most common neurodegenerative movement disorder, affects approximately 1% of the population over 60 years old, and its incidence dramatically increases to approximately 5% in the population greater than 85 years of age (Li and Le, 2020; Wang et al., 2020b). PD is a chronic, irreversible, and complex neurodegenerative disease with several typical motor impairments including resting tremor, bradykinesia, rigidity, and postural imbalance. These are caused by the selective and progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and the deficiency of dopamine release in the striatum (Poewe et al., 2017). In addition to DA neuron loss, the presence of intracellular inclusions called Lewy bodies (LBs) with an accumulation of protein aggregates including α-synuclein (α-SYN), and abnormal dystrophic neurites termed Lewy neurites (LNs) in surviving DA neurons, are also the major hallmarks of PD pathology (Kalia and Lang, 2015). Recently, great achievements have been made in understanding PD pathogenesis, which may contribute to developing more optimal strategies for PD treatment.

The mechanisms of DA neuron damage in PD include a variety of cellular processes such as α-SYN aggregates, mitochondrial damage, oxidative stress, calcium homeostasis dysfunction, axonal transport disruption, and neuroinflammation injury, and also involve aging, and environmental and genetic factors (Shulman et al., 2011). Emerging evidence suggests that these disadvantages can perturb the balance of cellular homeostasis (proteostasis) in PD (Lehtonen et al., 2019). Endoplasmic reticulum (ER) stress-induced unfolded protein response (UPR) and autophagy, two major pathways that respond to an imbalance in cellular homeostasis, play particularly important roles in the pathology of neurodegenerative diseases including PD (Karabiyik et al., 2017; Costa et al., 2020).

Endoplasmic reticulum stress, UPR, and autophagy have become important targets for alleviating the damage of DA neurons, and they provide attractive clues for the treatment of PD (Moors et al., 2017; Martinez et al., 2019). However, UPR and autophagy are both related and independent cellular processes. Both the effects of their cross-talk and their unique mechanisms in PD must be considered in order to find an appropriate therapeutic target for PD treatment or to provide the basis for combination medication. In this review, we summarize the most recent advances in ER stress, UPR, autophagy, and their interactions in PD pathogenesis, and how to alleviate the toxic effects of cellular homeostasis imbalance in PD by targeting ER stress, UPR, and autophagy.



ER STRESS AND UPR

The ER is essential for cellular homeostasis. The ER organelles have a variety of important functions that are necessary for protein synthesis, protein quality control, Ca2+ homeostasis, and lipid and carbohydrate metabolism (Wang and Kaufman, 2016; Ghemrawi and Khair, 2020). Under physiological states, the ER uses the resident chaperone molecules to ensure the proper folding of newly synthesized proteins, and also can identify misfolded proteins through quality control mechanisms and employ proteasomes to implement ER-associated degradation (ERAD) (Walter and Ron, 2011). When the protein-folding capacity of the ER is saturated under various pathological conditions, such as aberrant aggregation of misfolded proteins or mutant proteins, accumulation of exogenous viral proteins, fluctuation of ER Ca2+ stores, perturbation of ATP levels, presence of environmental toxins, or occurrence of metabolic dysfunctions, the cells sense the ER stress and subsequently initiate an adaptive response referred to as UPR. This in turn attempts to alleviate ER stress by enhancing the protein-folding capacity and reducing the general synthetic load to restore ER homeostasis and maintain cell survival (Xu et al., 2012; Rashid et al., 2015).

The UPR is controlled by three ER-resident sensors: inositol-requiring kinase 1α (IRE1α), protein kinase RNA-activated (PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6) (Manie et al., 2014). Both IRE1α and PERK are type I transmembrane Ser/Thr protein kinases, and possess similar structures with an NH2-terminal ER luminal domain and a cytosolic kinase domain (Pandey et al., 2019). In addition, IRE1α has an extra RNase domain with endonuclease activity (Abdullah and Ravanan, 2018). ATF6 is a type II transmembrane protein with a COOH-terminal ER luminal domain and an NH2-terminal cytosolic domain with bZIP transcription factor activity (Pandey et al., 2019).

In the absence of ER stress, all three UPR sensors remain inactive resulting from binding to the 78 kDa glucose-regulated protein 78 (GRP78), also known as binding-immunoglobulin protein (BIP), an abundant ER-resident chaperone encoded by gene HSPA5. When mutant, unfolded, or misfolded proteins accumulate in the ER, they release the inhibitory effect of GRP78 on PERK, IRE1α, and ATF6 activity through their high affinity for GRP78 (Oakes and Papa, 2015). In addition, the unfolded or misfolded proteins also act as active ligands for their activation (Credle et al., 2005; Gardner and Walter, 2011). All three UPR branches have outputs to attempt to alleviate ER stress for cell survival by distinct or partially overlapped mechanisms such as mitigating protein misfolding, reducing protein synthesis, or enhancing protein degradation (Figure 1). However, if the adaptive UPR fails to restore ER homeostasis, UPR signaling undergoes continuous activation to initiate pro-death signals through multiple pathways that eventually trigger intrinsic apoptosis (Hetz and Papa, 2018).
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FIGURE 1. Endoplasmic reticulum (ER) stress and UPR signaling pathways. The UPR is controlled by three major branches, IRE1α, PERK, and ATF6, which bind to GRP78 in the ER under normal conditions. In response to ER stress, the three sensors are activated by dissociating with GPR78. PERK undergoes dimerization, autophosphorylation, and then decreases protein synthesis by phosphorylating eIF2α at the Ser51, which selectively results in the translation of transcription factor 4 (ATF4), a factor that activates transcription of its downstream UPR genes such as CCAAT/enhancer binding protein (C/EBP) homologous protein (CHOP) (Harding et al., 2000). CHOP and ATF4 can upregulate the expression of genes involved in the UPR and apoptosis such as BIM, BAX, BAK, death receptor 3 (DR3), DR5, inositol 1,4,5-trisphosphate (IP3) receptor 1 (IP3R1) and ER oxidase 1α (ERO1α) (Iurlaro and Munoz-Pinedo, 2016). When the ER stress is relieved, CHOP and ATF4 induce the expression of growth arrest and DNA damage inducible protein 34 (GADD34), which directly dephosphorylates eIF2α and restarts global mRNA transcription (Novoa et al., 2001). IRE1α also undergoes dimerization, and even oligomerization and autophosphorylation, and then, its RNase activity is activated and XBP1 mRNA is cleaved to generate XBP1s. The transcription factor XBP1s is responsible for the expression of a subset of downstream genes involved in ERAD, lipid synthesis, protein folding, translocation, and secretion (Korennykh and Walter, 2012; Hetz and Papa, 2018). Activated IRE1α also interacts with tumor necrosis factor receptor (TNFR)-associated factor-2 (TRAF2) and promotes a cascade of phosphorylation events that ultimately activates Jun amino-terminal kinase (JNK)-mediated cell death (Urano et al., 2000). The dissociation of GRP78 drives ATF6 to translocate to the Golgi, where it is cleaved by site-1 protease (S1P) and S2P to generate ATF6f, which transcriptionally activates the expression of a variety of genes involved in ERAD and ER chaperones including GRP78 and XBP1 (Haze et al., 1999; Shen et al., 2002; Yamamoto et al., 2007; Hillary and FitzGerald, 2018).




AUTOPHAGY

Autophagy is a highly conserved self-degradation process that delivers aggregated or misfolded proteins, lipid droplets, glycogens, and damaged organelles to lysosomes for degradation. It plays a fundamental role in the homeostasis of almost all types of cells, tissues, and organs (Levine and Kroemer, 2019). Autophagy has been divided into at least three subtypes: macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy, with each involving different mechanisms of substrate delivery to the lysosome. Microautophagy degrades the cytosolic contents through small invaginations in the lysosomal membrane, while CMA mediates selective cytoplasmic proteins with a consensus KFERQ sequence motif into the lysosomal lumen for degradation upon recognition by heat shock cognate 71 kDa protein (HSC70) and targeting by lysosomal associated membrane protein 2A (LAMP2A) (Tekirdag and Cuervo, 2018). Macroautophagy (hereafter referred to autophagy) is the major and most thoroughly characterized autophagic pathway. It sequesters cytoplasmic contents within a double-membrane structure followed by fusion with lysosomes for degradation. According to the type of substrates it degrades, autophagy is also classified into non-selective autophagy and selective autophagy (Shimizu, 2018). Selective autophagy mediates specific substrates or organelles such as aggregate-prone proteins (aggrephagy), mitochondria (mitophagy), peroxisomes (pexophagy), pathogens (xenophagy), and ER (ERphagy) to the autophagic machinery for degradation via adaptor molecules (Stolz et al., 2014).

Under normal conditions, basal autophagy is ongoing at lower levels so that cells will optimally function after the removal of damaged organelles or unwanted substrates (Deegan et al., 2013). Autophagy is dramatically triggered by various stimuli such as nutrient deprivation, accumulation of protein aggregates, oxidative stress, hypoxia, and toxic molecule treatment (Corona Velazquez and Jackson, 2018). The complete processes of autophagy contain multiple sequential steps (autophagy induction, phagophore nucleation, elongation and closure, autophagosome maturation, and fusion with lysosomes to form autolysosomes) with complex mechanisms mediated by autophagy-related gene (ATG) proteins, their partners, and a variety of kinases (Figure 2).
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FIGURE 2. The processes of autophagy. Autophagy processes include autophagy induction, phagophore nucleation, elongation and closure, autophagosome maturation, and fusion with lysosomes to form autolysosomes, which are mediated by multiple ATG proteins and a variety of kinases or partners with complex mechanisms. Autophagy initiation requires the activation of the uncoordinated-51-like kinase (ULK) complex, which is regulated by two kinases, AMP-activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) complex 1 (mTORC1). ULK1 activation causes phosphorylation of BECLIN1 and ATG14, thus promoting the formation of the PI3KC3 complex, which enhances the activity of VPS34 to generate phosphatidylinositol 3-phosphate (PI3P) (Russell et al., 2013; Nascimbeni et al., 2017). The enrichment of PI3P recruits double FYVE domain-containing protein 1 (DFCP1), downstream ATG proteins, and WD repeat proteins interacting with phosphoinositides 1 and 2 (WIPI1/2) for phagophore nucleation (Young and Wang, 2018). Phagophore elongation is mediated by two ubiquitin-like conjugation systems, ATG12-ATG5-ATG16L and the ATG8 (light chain 3, LC3) conjugation system (Noda and Inagaki, 2015). Phagophore closure is most likely accomplished by endosomal sorting complex required for transport (ESCRT) machinery-mediated membrane abscission (Tsuboyama et al., 2016; Takahashi et al., 2018, 2019). Additionally, the γ-aminobutyric acid receptor-associated protein (GABARAP) and ATG2 family are also critical for phagophore closure (Weidberg et al., 2010; Bozic et al., 2020). The ER-localized transmembrane protein vacuole membrane protein 1 (VMP1) mediates ER-phagophore dissociation via activating ER Ca2+ channel sarcoplasmic Ca2+-ATPase (SERCA) and perturbing the local Ca2+ concentration (Zhao et al., 2017). Mature autophagosomes migrate to lysosomes involves the participation of proteins such as RAB7, FYVE coiled-coil domain-containing protein 1 (FYCO1), RAB-interacting lysosomal protein (RILP), Oxysterol-binding protein-related protein 1L (ORP1L), histone deacetylase 6 (HDAC6), kinesin or dynein (Nakamura and Yoshimori, 2017). RAB GTPases, soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), PI3K complex, and multiple tethering factors are involved in the fusion of autophagosomes with lysosomes to form autolysosomes, in which the autophagosomal contents are degraded by lysosomal acid hydrolases (Martini-Stoica et al., 2016; Zhao and Zhang, 2019). Transcription factor EB (TFEB) is a major regulator for autophagosome formation, lysosomal biogenesis, and lysosomal function (Martini-Stoica et al., 2016; Cortes and La Spada, 2019).




INTERPLAY OF ER STRESS AND AUTOPHAGY

Although ER stress and autophagy can act as independent drivers, they share many common features such as protecting tissues by alleviating stress and inducing cell death when alleviating failure caused by extreme or chronic stress. Since it was first described in yeast in 2006, a large number of studies have revealed that ER stress and autophagy are mechanistically related (Bernales et al., 2006; Yorimitsu et al., 2006; Rashid et al., 2015). Changing the functions of one system can affect the homeostasis of the other system, in which activation of autophagy triggered by ER stress-induced UPR is dominant. All three UPR branches can directly activate autophagy induction and autophagosome formation during ER stress through activating the expression of multiple ATG genes, inhibiting the expression of several autophagy inhibitors, or modulating several kinases including AMPK or mTORC1 (Figure 3). ER stress also regulates autophagy through mediating Ca2+ release. For example, ER stress stimulates Ca2+ release from the ER lumen into the cytosol through the IP3R channel, which activates the CaMKKβ/AMPK pathway and inhibits mTORC1 activity, thus triggering autophagy induction. In addition, the presence of Ca2+ in the cytosol leads to death-associated protein kinase 1 (DAPK1) activation, which phosphorylates BCL2 and BECLIN1 to induce autophagy (Verfaillie et al., 2010). However, whether ER stress affects autophagosome maturation, autolysosome formation, or lysosomal degradation is largely unknown.
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FIGURE 3. The cross-links between ER stress/UPR and autophagy. PERK-mediated ATF4 translation induces CHOP. The transcriptional factors ATF4 and CHOP induce multiple ATG genes and autophagy regulatory factors alone or together. PERK also activates the MKK4/p38 pathway for CMA activation by phosphorylating LAMP2A. ATF6f activates the expression of GRP78, which inhibits AKT/mTORC1 activation, and DAPK1, which phosphorylates BECLIN1 to induce autophagy. IRE1α activation leads to JNK signaling, which induces BECLIN1 expression and also phosphorylates BCL2 to dissociate BECLIN1 for autophagy activation. XBP1s generation by IRE1α activation also transcriptionally activates BECLIN1 expression.



PERK and Autophagy

Activation of the PERK pathway contributes to expression of multiple ATG genes (Cai et al., 2016). Under hypoxia, PERK-mediated ATF4 and CHOP activation transcriptionally activates LC3 and ATG5 expression (Rouschop et al., 2010; Rzymski et al., 2010). ATG12 mRNA as well as its protein levels are increased by PERK-mediated eIF2α phosphorylation (Kouroku et al., 2007). ATF4 is sufficient for transcription of several ATG genes including ATG3, BECLIN1, LC3, ATG12, and ATG16L1, whereas CHOP expression transcriptionally upregulates ATG5, ATG10, and GABARAP expression (B’Chir et al., 2013). ATF4/CHOP heterodimer induces the transcriptional expression of ATG7, as well as p62 and neighbor of BRCA1 gene 1 (NBR1), which act as cargo receptors for selective autophagy of ubiquitinated targets (Lamark et al., 2009; B’Chir et al., 2013). CHOP can also promote autophagy through inhibiting the expression of BCL2, a protein that sequesters BECLIN1 in the ER and inhibits autophagosome formation (Pattingre et al., 2005; Rzymski et al., 2010).

The PERK pathway also initiates autophagy by activating AMPK and inhibiting mTORC1 activity (Avivar-Valderas et al., 2013). In addition, PERK-mediated ATF4/CHOP expression induces autophagy by inhibiting mTORC1 activity (Salazar et al., 2009; Bruning et al., 2013). Recently, The TFEB-mediated GADD34 expression may integrate mTORC1-mediated autophagy and ER stress (Gambardella et al., 2020). ER stress can also activate the CMA pathway by PERK activation, which recruits mitogen-activated protein kinase 4 (MKK4) and activates p38 to phosphorylate LAMP2A for CMA activation (Li et al., 2017).



IRE1α and Autophagy

IRE1α activation phosphorylates c-Jun N-terminal kinase (JNK) (Ogata et al., 2006), and this activation induces autophagy by directly phosphorylating BCL2 and disrupting its interaction with BECLIN1, which induces autophagosome formation (Wei et al., 2008). Moreover, JNK activation also upregulates BECLIN1 transcription (Li et al., 2009; Ren et al., 2010). The IRE1-dependent activation of AMPK is also involved in autophagy initiation (Meares et al., 2011). The generation of XBP1s, which is dependent on IRE1α RNase activity, also induces autophagy through direct transcriptional activation of BECLIN1 expression (Margariti et al., 2013). Interestingly, the unspliced form of XBP1 (XBP1u) negatively regulates autophagy through interacting with forkhead box O1 (FOXO1) and decreasing its levels (Zhou et al., 2011; Vidal et al., 2012; Zhao et al., 2013), suggesting that IRE1α-mediated XBP1 splicing during ER stress is critical for autophagy induction.



ATF6 and Autophagy

It has been suggested that the activation of the ATF6 branch triggers autophagy. ATF6-mediated GRP78 transcriptional expression induces autophagy initiation by inhibiting AKT activity (Yung et al., 2011). In addition, during ER stress, formed ATF6f induces the expression of DAPK1 (Kalvakolanu and Gade, 2012; Gade et al., 2014), which phosphorylates BECLIN1 so that it subsequently dissociates from its negative regulator BCL2, thus promoting autophagosome formation (Zalckvar et al., 2009).




ER STRESS, UPR, AND AUTOPHAGY CROSS TALK IN PD PATHOGENESIS

Dopaminergic neurons are particularly sensitive to unfolded, misfolded, and excessively aggregated proteins. ER stress and autophagy impairment are two essential events that lead to the imbalance of proteostasis, which contributes to DA neurodegeneration. In recent years, a large number of studies have focused on the relationship between ER stress and PD pathogenesis. For example, injection of an ER stress inducer, tunicamycin, into mouse brains causes high levels of oligomeric α-SYN, DA neuron death, locomotor deficiency, and glial activation (Coppola-Segovia et al., 2017), suggesting that administration of an ER stress inducer into the SNpc could be a novel animal model of PD. However, impaired autophagy, CMA, and mitophagy are frequently observed rather than autophagy activation in PD. Interestingly, conditional deletion of the Atg7 gene in mice recapitulates many of the pathologic features of PD, including age-related loss of DA neurons, loss of striatal DA, accumulation of α-SYN, and ubiquitinated protein aggregates (Ahmed et al., 2012). Thus far, it is generally recognized that in PD patients as well as various PD cellular and animal models, ER stress activation, UPR markers, and autophagy dysfunction undoubtedly exist in the lesion regions, and are closely related to both genetic and neurotoxic factors that induce DA neurodegeneration.


ER Stress, UPR Activation, and Autophagy Dysfunction in Tissues of PD Patients

The UPR activation markers, including phosphorylation of PERK, eIF2α, and IRE1α, are observed in neuromelanin-containing DA neurons in the postmortem SNpc of PD patients rather than age-matched controls (Hoozemans et al., 2007; Hoozemans et al., 2012; Heman-Ackah et al., 2017). In addition, the immunoreactivity of phosphorylated PERK is co-localized with increased α-SYN immunoreactivity in DA neurons (Hoozemans et al., 2007). Importantly, UPR activation is an early event in neurodegeneration and is closely associated with the accumulation and aggregation of α-SYN (Hoozemans et al., 2012). GRP78 and CHOP, which are ER stress markers, are increased in the SNpc in PD patients (Selvaraj et al., 2012). Moreover, GRP78 is increased to a greater extent in dementia with LB (DLB) and PD with dementia (PDD) patients in the cingulate gyrus and parietal cortex (Baek et al., 2016). GRP78 is also dramatically upregulated in the brain tissues of autosomal recessive juvenile PD (AR-JP) patients caused by a loss of functional Parkin, a familial PD genetic factor (Imai et al., 2001). This is due to the defective function of Parkin’s E3 ligase activity, which results in a lack of degradation and subsequent accumulation of its substrate, the PAEL receptor.

The protein disulfide isomerase (PDI) family participates in disulfide bond formation, reduction, isomerization, and accurate folding of nascent proteins, and they also are increased to constitute an adaptive response to ER stress (Turano et al., 2002). It was found that a PDI member, pancreatic PDI (PDIp), accumulates in PD patient tissues (Conn et al., 2004). Homocysteine-induced ER protein (HERP) is a stress response protein that functions in ER folding and ERAD-mediated degradation, and ER load reduction is also increased in the SN of PD patients (Slodzinski et al., 2009). However, all PD patients do not experience an increase in the UPR in tissues. Baek et al. (2019) found that GRP78 mRNA levels are upregulated, but they also showed that the protein levels of GRP78 are decreased in several brain regions, including the cingulate gyrus in PD patients. Recently, similar findings suggested that both GRP78 and ATF4 protein levels are decreased in the SNpc in PD patients (Esteves and Cardoso, 2020). These inconsistent results may be related to the different pathological degrees of PD patients. In the early stage of PD, UPR activation is an adaptive response to protect DA neurons from damage. However, in the late stage, excessive stress-induced neuron damage or severe DA neuron loss leads to inhibition of expression of these ER stress markers. Finally, ER stress and UPR activation are undoubted pathological processes in PD.

It was first discovered that autophagic degeneration of DA neurons occurred in the SN regions of PD patients in early studies (Anglade et al., 1997). Later, immunopositivity for LC3-II indicated that autophagosome formation occurred in the majority of LBs and LNs, and LC3-II colocalized with α-SYN in PD patients (Alvarez-Erviti et al., 2010; Dehay et al., 2010; Tanji et al., 2011), while the amount of lysosomes, and levels and activities of glucocerebrosidase (GCase) or protease cathepsin D (CTSD) were decreased within DA neurons in PD tissues (Dehay et al., 2010; Moors et al., 2019). Moreover, enlarged mitochondria have been observed within autophagosomes using confocal laser scanning microscopy in PD brains, suggesting PD-associated abnormal mitophagy (Zhu et al., 2003). Fiesel and Springer (2015); Fiesel et al. (2015) and Hou et al. (2018) confirmed that mitophagy indicated by ubiquitin Ser65 phosphorylation is specifically increased in PD patients and correlates with levels of LBs. Levels of HSC70 and LAMP2A were also dramatically decreased, which indicated that the CMA activity is significantly reduced in the SN tissues of PD patients (Alvarez-Erviti et al., 2010; Murphy et al., 2015).

The selective loss of LAMP2A protein and decreased levels of HSC70 were directly correlated with the increase in α-SYN levels and the accumulation of cytosolic CMA substrate proteins in PD samples (Murphy et al., 2015). Interestingly, crowded organelles and lipid membranes, including dystrophic lysosomes, mitochondria, and autophagosome-like structures, were observed in a recent PD postmortem study (Shahmoradian et al., 2019). Together, impairments in autophagy and CMA have been found in lesion regions in PD patients compared with matched controls using postmortem tissues. The increased autophagosomes and failed lysosomal clearance are common hallmarks in SN tissues of PD patients. The activated ER stress and UPR pathway may affect increases in autophagosome formation through the mechanisms described above. However, whether and how ER stress/UPR affects autophagosome fusion with lysosomes or lysosomal functions in PD are largely unclear.



Association of PD Genetic Factors With ER Stress, UPR, and Autophagy

Several PD-related genetic factors including gain of function of α-SYN and LRRK2, and loss of function of Parkin, PINK1, and DJ-1, affect ER stress/UPR and autophagy, and discussing the roles and mechanisms of these genetic factors in these two biological processes can greatly promote the understanding of PD pathology.


α-SYN in ER Stress, UPR, and Autophagy

α-SYN is encoded by the SNCA gene, the mutations of which such as A53T, or duplication or triplication, have been linked to autosomal-dominant forms of PD. Aggregated α-SYN, especially the accumulation in the brain of its soluble oligomers, is one of most important causative factors for both hereditary and sporadic PD. α-SYN is a major component deposited in LBs and LNs, in which it harbors extensive phosphorylation at Ser129, which mediates its aggregation and toxicity (Wang et al., 2020a). α-SYN can be degraded via multiple clearance machineries, including autophagy, CMA, and the ubiquitin proteasome system (Hou et al., 2020). Although wild-type, mutant, phosphorylated, and oligomeric α-SYN activate ER stress and promote autophagy induction, they block autophagic flux by impairing autophagosome maturation, fusion with lysosomes, and lysosomal biogenesis or functions (Figure 4).
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FIGURE 4. Cross-links between ER stress and autophagy in α-SYN-mediated pathology. Accumulated α-SYN binds to GRP78 and activates ER stress. α-SYN also induces ER stress by binding to ATF6 and inhibiting its translocation to Golgi bodies. Additionally, wild-type, mutant, or phosphorylated α-SYN activates ER stress by inhibiting ER-Golgi trafficking, which leads to the accumulation of aggregated proteins. PERK/ATF4 activation that occurred due to ER stress induces BECLIN1 and LC3 expression. Oligomeric α-SYN directly activates the IRE1α/XBP1s branch and thus induces BECLIN1 expression. The expression of BECLIN1 and LC3 triggers autophagy induction. However, wild-type and mutant α-SYN inhibit autophagosome maturation by repressing RAB1A function. They also activate mTORC1 and sequester TFEB in the cytoplasm to block autophagic flux by impairing lysosomal biogenesis and function. PERK activation-mediated MKK4/p38/LAMP2A phosphorylation may promote CMA for wild-type α-SYN degradation, whereas wild-type and mutant α-SYN directly inhibit p38 activation to block CMA, and mutant α-SYN can also inhibit CMA uptake by interacting with LAMP2A.


α-SYN overexpression and its aggregated neurotoxic forms activate all three UPR branches and trigger chronic ER stress-induced apoptosis. It was discovered that overexpression of both wild-type and A53T mutant α-SYN affects RAB1, which is involved in trafficking substrates from the ER to the Golgi bodies, thus inducing UPR activation by blocking ER-Golgi trafficking. RAB1 overexpression reduces stress and protects against DA neurodegeneration in PD animal models (Cooper et al., 2006), and the Ser129 phosphorylation of α-SYN may mediate the ER-Golgi traffic disruption and trigger PERK/eIF2α branch activation in in vitro PD models (Sugeno et al., 2008; Jiang et al., 2010). A30P α-SYN disrupts the Golgi morphology and facilitates the susceptibility to ER stress. A53T α-SYN upregulates GRP78 levels and eIF2α phosphorylation, and results in mitochondrial cell death in neurons, as well as in astrocytes (Smith et al., 2005; Liu et al., 2018; Paiva et al., 2018).

Accumulation of α-SYN within the ER activates the PERK pathway by directly interacting with GRP78 in vitro and in vivo (Bellucci et al., 2011). α-SYN oligomers rather than monomers also activate the IRE1α-XBP1 pathway (Castillo-Carranza et al., 2012). In addition, α-SYN reduces ATF6 processing and leads to ERAD impairment by directly binding to ATF6 or indirectly restricting its incorporation into coat protein complex II (COPII) vesicles (Credle et al., 2015). ER stress also leads to the accumulation of α-SYN oligomers (Jiang et al., 2010), suggesting that ER stress plays an important role in α-SYN neurotoxicity. It is interesting to hypothesize whether α-SYN toxicity is a cause or a consequence of ER stress and UPR dysfunction. Additional evidence indicates that α-SYN accumulation within the ER is required for UPR activation, and toxic α-SYN oligomer formation precedes ER stress and UPR activation (Colla et al., 2012a, b). Nevertheless, collaboration of α-SYN accumulation-induced ER stress and ER stress-enhanced α-SYN neurotoxicity is vital for PD pathogenesis.

Both wild-type and A53T mutant α-SYN can promote autophagy induction by upregulating BECLIN1 and LC3 expression (Yu et al., 2009; Decressac et al., 2013). The upregulation of BECLIN1 and LC3 expression may be involved in α-SYN-mediated ER stress and activation of the PERK/eIF2α/ATF4 pathway. However, wild-type α-SYN overexpression impairs autophagic flux via RAB1A inhibition, leads to ATG9 mislocalization, and inhibits the formation of autophagosomes (Winslow et al., 2010). RAB1 overexpression protects DA neurodegeneration in various PD animal models (Cooper et al., 2006; Gitler et al., 2008; Coune et al., 2012). Additionally, α-SYN binds to high mobility group box 1 (HMGB1) and strengthens BECLIN-BCL2 binding by blocking HMGB1-BECLIN1 interaction (Song et al., 2014). Both wild-type and A53T α-SYN can induce mTOR activity and impair autophagy (Jiang et al., 2013; Gao et al., 2015). In an AAV-mediated α-SYN overexpression mouse model, α-SYN impairs autophagic efflux by sequestering TFEB in the cytoplasm, accompanied by p62 and LC3-II accumulation (Decressac et al., 2013). Similarly, PC12 cells harboring A53T α-SYN display accumulated autophagic-vesicular structures and impaired lysosomal hydrolysis (Stefanis et al., 2001). Primary neurons seeded with α-SYN fibrils exist in phosphorylated α-SYN species with high neurotoxicity, named “pα-SYN∗.” These result from incomplete autophagic degradation of α-SYN, which colocalizes with GRP78 at mitochondria-associated ER membranes (Grassi et al., 2018), and this may play a role in the cross-linking between ER stress, mitochondrial fission, and mitophagy.

Interestingly, wild-type α-SYN contains a KFERQ sequence and is greatly degraded through the CMA pathway, while pathogenic α-SYN mutants act as CMA uptake inhibitors through interacting with LAMP2A on the lysosomal membrane (Cuervo et al., 2004). AAV-mediated overexpression of A53T α-SYN in neurons or A53T α-SYN in transgenic mice results in a reduction of CMA-mediated proteolysis of other substrates (Xilouri et al., 2009; Malkus and Ischiropoulos, 2012). Interestingly, modification of wild-type α-SYN by DA also impairs CMA proteolysis, similar to mutant α-SYN (Martinez-Vicente et al., 2008), which enables us to understand the selective vulnerability of the SNpc in PD. Although PERK activation has an active effect on LAMP2A through activating MKK4/p38 (Li et al., 2017), PERK activation induced by α-SYN is insufficient for activating LAMP2A activity, as both wild-type and pathogenic α-SYN have been reported that can directly inhibit p38 activation (Iwata et al., 2001). Whether wild-type and pathogenic α-SYN have an effect on phosphorylation and the activity of LAMP2A is not clear.



Parkin and PINK1 in ER Stress, UPR, and Autophagy

Mutations in Parkin (Kitada et al., 1998) and PTEN inducible kinase 1 (PINK1) (Valente et al., 2004a) have been identified as the most common causes of autosomal-recessive early-onset PD. Parkin mutations account for nearly 50% of young PD patients, and PINK1 mutations account for 1–9% (Lucking et al., 2000; Puschmann, 2013). Parkin is an E3 ligase and functions in the ERAD of misfolded ER proteins (Shimura et al., 2000; Senft and Ronai, 2015). Parkin is upregulated by ATF4 under either ER stress or mitochondrial stress and inhibits stress-induced mitochondrial dysfunction and cell death via its E3 ligase activity (Imai et al., 2000; Bouman et al., 2011). Conversely, an accumulation of PAEL receptor, a substrate of Parkin, induces ER stress and cell death (Imai et al., 2001). Furthermore, the ER stress inhibitor salubrinal prevents rotenone-induced ER stress and cell death through the ATF4-Parkin pathway (Wu et al., 2014).

Parkin also regulates ER stress and UPR via transcription factor p53-dependent XBP1 transcription regulation (Duplan et al., 2013). It has been reported that Parkin participates in ER stress regulation in DA neurons and also in astrocytes (Ledesma et al., 2002; Singh et al., 2018). Moreover, an activation of the PERK branch of the UPR was observed that was induced by defective mitochondria, and PERK inhibition is neuroprotective in parkin mutant flies (Celardo et al., 2016), as well as in flies harboring mutants of pink1, a gene in which mutations in humans are associated with both genetic and sporadic PD (Valente et al., 2004a, b). It has been shown that PINK1 inhibits ER stress-induced damage to mouse primary cortical neurons (Li and Hu, 2015), and downregulation of ER stress response genes has been detected in aged Pink1 knockout mice (Torres-Odio et al., 2017).

Parkin and PINK1 are two important regulators that control mitophagy and mitochondrial homeostasis (Swerdlow and Wilkins, 2020). Mitophagy, the process of removing damaged mitochondria, is compromised in PD pathogenesis, and its dysfunction is closely associated with DA neurodegeneration (Liu et al., 2019). The ATF4/CHOP heterodimer transcriptionally activates expression of p62 and NBR1 (B’Chir et al., 2013), which are two cargo adaptors involved in Parkin/PINK1-mediated mitophagy, and may be underlying the role of ER stress in mitophagy (Nguyen et al., 2016). It has been reported that the ER stress induced by tunicamycin (TM) and thapsigargin (TG) prevents Parkin loss and promotes its recruitment to the mitochondria, and also activates mitophagy during reperfusion after ischemia (Zhang et al., 2014). However, the crosslink and mechanisms between ER stress and mitophagy in PD pathogenesis are mainly unknown.



LRRK2 in ER Stress, UPR, and Autophagy

Mutations in the leucine-rich repeat kinase 2 (LRKK2) gene are the most common cause of autosomal-dominant forms of PD, as well as more than 3% of sporadic PD cases (Costa et al., 2020; Tolosa et al., 2020). LRRK2 possesses kinase function for catalyzing substrates and GTPase function for GTP-GDP hydrolysis. LRRK2 is co-localized with ER markers in DA neurons (Vitte et al., 2010), and LRKK2 depletion results in GRP78 downregulation in response to 6-hydroxydopamine (6-OHDA)-induced ER stress (Yuan et al., 2011). LRRK2 phosphorylates leucyl-tRNA synthetase (LRS), and this increases the number of misfolded proteins, causes ER stress, and induces autophagy initiation (Ho et al., 2018). LRRK2-G2019S mutation exacerbates these processes. It has recently been reported that LRRK2 regulates ER-mitochondria tethering through the PERK-mediated activation of E3 ligases, and LRKK2 mutation enhances the sensitivity to ER stress and decreases mitochondrial biogenesis (Toyofuku et al., 2020). In addition, mutant LRKK2 binds to SERCA to repress its activity, leading to ER Ca2+ depletion and triggering ER stress, which ultimately results in mitochondrial Ca2+ overload and mitochondrial dysfunction in astrocytes (Lee et al., 2019).

It has been reported that LRRK2 functions in endosomal- and vesicle-trafficking pathways, plays roles in cytoskeleton dynamics and neurite outgrowth, and regulates multiple steps of the autophagy-lysosome pathway (Madureira et al., 2020). Although wild-type and mutant LRRK2 promote autophagy by ER stress induced by the phosphorylation of LRS, they impair the autophagic degradation in an LRS-independent manner (Ho et al., 2018). LRKK2-G2019S fibroblasts exhibit higher autophagic activity levels involved in activating ERK activity rather than the mTOR pathway (Bravo-San Pedro et al., 2013). An early and transient phosphorylation of ERK1/2 is involved in ER stress activation (Arai et al., 2004), indicating that LRKK2 may regulate autophagy initiation through the ERK pathway via LRS-meditated ER stress. LRRK2 and LRRK2-G2019S also regulate p62 phosphorylation, influence its affinity to ubiquitinated cargo (Park et al., 2016; Kalogeropulou et al., 2018), and decrease autophagic protein degradation. Additionally, LRKK2 and LRKK2-G2019S inhibit autophagosome formation and autophagosome-lysosome fusion in various LRRK2-related PD models may through regulating phosphorylation of a number of RAB proteins (Madureira et al., 2020). LRKK2 pathogenic mutants also impair lysosomal function, which is detected by abnormal lysosomal morphology, abnormal cellular lysosomal localization, increased lysosomal pH, or inhibition of lysosomal enzymes (Madureira et al., 2020).

Like α-SYN, LRKK2 can also be degraded by CMA, and unlike α-SYN mutants, which increase the binding affinity of HSC70 and LAMP2A, LRRK2 mutants block the formation of the CMA translocation complex by inducing LAMP2A and HSC70 accumulation at the lysosomal membrane (Orenstein et al., 2013; Ho et al., 2020). Although it has been reported that LRRK2-G2019S binds to MKK4/7 (Zhu et al., 2013), it is unclear whether LRRK2-G2019S participates in the PERK/MKK4/p38 pathway in CMA. Together, the promotion of autophagy initiation by LRRK2 and its pathogenic mutants is partly due to ER stress and UPR activation. However, they most likely inhibit autophagic flux, as well as CMA and lysosomal functions in an ER stress-independent manner.



DJ-1 in ER Stress, UPR, and Autophagy

DJ-1, a protein encoded by the PARK7 gene, assumes multiple functions including antioxidative stress and chaperone properties (Mencke et al., 2021). Mutations or deletions of DJ-1 are associated with autosomal-recessive early-onset forms of PD (Bonifati et al., 2003). DJ-1 regulates ER stress and UPR by binding to and stabilizing ATF4 mRNA under both basal and stress conditions (Yang et al., 2019). DJ-1 can also protect against ER stress-induced cell death in Neuro2a cells (Yokota et al., 2003). Moreover, it has been shown that oxidized DJ-1 can interact with N-terminal arginylated GPR78, and thus facilitate the self-polymerization of p62 and the targeting of p62-cargo complexes to phagophores under oxidative stress (Lee et al., 2018). Interestingly, DJ-1 expression is regulated under ER stress such that XBP1 directly binds to its promoter and stimulates its expression (Duplan et al., 2013).

Overexpression of DJ-1 in DA neurons and in the SN of rat brains promotes ERK-dependent autophagy. Although there are no obvious effects of DJ-1 deficiency on autophagy in SH-SY5Y cells (Gonzalez-Polo et al., 2009; Ren et al., 2010), the loss of DJ-1 perturbs paraquat-induced autophagic initiation in SH-SY5Y cells by enhancing the mTOR activity (Gonzalez-Polo et al., 2009). In addition, DJ-1 deficiency in microglia impairs autophagy-mediated p62 degradation and reduces microglial-mediated α-SYN phagocytosis (Nash et al., 2017). DJ-1 protects against DA neurodegeneration through enhancing CMA in PD animal models, SH-SY5Y cells, and astrocytes (Xu et al., 2017; De Miranda et al., 2018). Together, the upregulation of DJ-1 expression in response to ER stress may enhance the CMA or autophagic degradation of aggregated proteins, which bridges the close link between ER stress and autophagy in PD pathogenesis.




Association of PD Neurotoxins With ER Stress and UPR

The well-known parkinsonian inducers including 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)/1-methyl-4-phenylpyridinium (MPP+), 6-OHDA, and rotenone, all have profound effects on the regulation of ER stress/UPR and autophagy. Discussing the cross-link between ER stress/UPR and autophagy in these parkinsonian inducers may promote our understanding of PD pathology.


MPTP/MPP+ in ER Stress, UPR, and Autophagy

MPTP is the best-known chemical for inducing a PD model in vivo. Intraperitoneally injecting mice with MPTP reproduces PD pathology, including the selective loss of DA neurons in the SN and accumulation of protein aggregates, and eventually leads to the onset of PD-like clinical symptoms (Bove et al., 2005). MPTP can efficiently cross the blood-brain barrier and is metabolized to the destructive MPP+ by glial monoamine oxidase B (MAO-B). MPP+ is transported into DA neurons via dopamine transporter (DAT) and induces DA neuron death by inhibiting mitochondrial functions and increasing mitochondrial superoxide.

MPP+ triggers a significant increase in the expression of UPR genes including ATF4 and CHOP, which are involved in the activation of IRE1α and PERK in various cellular models (Ryu et al., 2002; Holtz and O’Malley, 2003). MPP+ has been shown to activate cyclin-dependent-like kinase 5 (CDK5)-mediated XBP1s phosphorylation, which favors its nuclear translocation and promotes its transcriptional activity in rat primary cultured neurons (Jiao et al., 2017). The intracerebral injection of MPP+ into the SNpc of rabbit brains induces ER stress involving the activation of the ATF6 and NF-κB signaling pathways (Ghribi et al., 2003). MPTP also promotes the phosphorylation of p38 and enhances the interaction between phosphorylated p38 and ATF6, leading to an increase in ATF6 transcriptional activity (Egawa et al., 2011). MPP+ also activates the expression of UPR markers such as PDIp, which accumulates in PD patient tissues (Conn et al., 2004). MPTP/MPP+ activate ER stress and expression of the UPR markers GRP78 and CHOP by disturbing ER Ca2+ levels, which is accompanied by a decrease in AKT/mTOR activity (Selvaraj et al., 2012), and is closely associated with autophagy activation.

The regulatory effects of MPTP/MPP+ on autophagy are not consistent among different studies. MPTP/MPP+ treatment increases autophagosome formation, increases p62 levels, and decreases lysosomal activity (Dehay et al., 2010; Lim et al., 2011; Lim et al., 2014; Jovanovic-Tucovic et al., 2019), indicating that autophagy initiation is activated but autophagic flux is blocked by MPP+ treatment. The activation of autophagy initiation by MPP+ treatment probably occurs through activation of AMPK (Jovanovic-Tucovic et al., 2019). Further study indicates that mild MPP+ exposure (10 or 200 μM for 48 h) predominantly inhibits autophagic degradation by reducing lysosomal hydrolase cathepsin D activity, whereas acute MPP+ treatment (2.5 and 5 mM for 24 h) inhibits both autophagic degradation and basal autophagy by decreasing lysosomal density (Miyara et al., 2016). MPP+ treatment increases autophagy activation and promotes mitochondrial degradation, which involves the activation of ERK signaling rather than the canonical pathway (Zhu et al., 2007, 2012; Dagda et al., 2008).

We speculate that MPP+ treatment-induced mitochondrial degradation may not be due to the activation of autophagic flux, but it dramatically disrupts mitochondrial functions and impairs mitochondrial biogenesis (Zhu et al., 2012). MPP+ treatment-induced ER stress and the UPR closely contribute to autophagy induction and autophagic flux blockage. All branches of the UPR are activated by MPTP/MPP+ treatment, as well as subsequent events such as activation of AMPK (Jovanovic-Tucovic et al., 2019), decreased mTOR activity (Selvaraj et al., 2012), and increased NF-κB signaling (Ghribi et al., 2003), which contribute to autophagy initiation (Zhu et al., 2017). MPTP/MPP+ treatment also disrupts lysosomal functions and leads to autophagic flux blockage (Dehay et al., 2010; Lim et al., 2011). The cross-link between autophagy initiation activation and autophagic flux blockage exaggerates the damage to DA neurons by MPTP/MPP+ treatment.



6-OHDA in ER Stress, UPR, and Autophagy

6-OHDA, a selective catecholaminergic neurotoxin, is also widely used to induce DA neuron death as a PD model by eliciting the production of mitochondrial and cytosolic reactive oxygen species (ROS) (Simola et al., 2007). Increased levels of GRP78 and CHOP expression, as well as phosphorylated PERK and eIF2α, are detected in DA cellular models that are subjected to 6-OHDA treatment (Ryu et al., 2002; Holtz and O’Malley, 2003; Yamamuro et al., 2006; Deng et al., 2012; Xie et al., 2012; Ning et al., 2019b).

Like MPP+, 6-OHDA treatment also elicits autophagy activation and promotes mitochondrial degradation involving the activation of ERK signaling (Dagda et al., 2008). Unlike MPP+, 6-OHDA induces AMPK phosphorylation, followed by mTOR dephosphorylation, and increases LC3 conversion, p62 degradation, and cytoplasmatic acidification in SH-SY5Y cells (Arsikin et al., 2012). A recent study indicated that 6-OHDA treatment induces excessive autophagy with increased AMPK activity, decreased mTOR activity, reduced p62 levels, and also prevents alterations in lysosomal functions (Chung et al., 2018). In addition, 6-OHDA treatment stimulates CMA activity by increasing LAMP2A levels (Wang et al., 2018). 6-OHDA treatment induces BECLIN1 and decreases BCL2 expression and p62 levels, which are inhibited by PERK inhibition (Ning et al., 2019a, b), and this directly cross-links the ER stress and autophagy in 6-OHDA-induced PD pathogenesis. Together, 6-OHDA-induced excessive autophagy activation and autophagic flux contribute to PD pathogenesis.



Rotenone in ER Stress, UPR, and Autophagy

Rotenone treatment produces most of the movement disorder symptoms and the histopathological features of PD, including LBs (Betarbet et al., 2002). Rotenone also triggers ATF4 and CHOP expression involving activation of IRE1α and PERK in cellular models (Ryu et al., 2002; Ramalingam et al., 2019). An induction of the IRE1α and PERK branch of the UPR has also been shown in rotenone rat or mouse models of PD (Tong et al., 2016a, b; Ramalingam et al., 2019). Treatment of N2a cells with rotenone triggers ER stress and the UPR involving all three branches of PERK, IRE1α, and ATF6 (Gupta et al., 2019).

Rotenone induces an increase in autophagy related proteins LC3-II and BECLIN1, as well as in autophagy substrates such as α-SYN and p62 in cultured PC12 cells (Wu et al., 2015) and in SH-SY5Y cells (Xiong et al., 2013), suggesting that rotenone exerts bidirectional effects on autophagy initiation and autophagic flux. Rotenone increases oligomeric wild-type and A53T α-SYN in transfected cells through inhibiting their autophagic degradation (Yu et al., 2009). Similar to MPP+, although rotenone treatment results in decreased autophagic flux, it increases mitophagy for mitochondrial degradation (Giordano et al., 2014), suggesting that the mitochondrial-specific degradation pathway used by MPP+ and rotenone may be independent from that of autophagy. Therefore, rotenone-induced ER stress and the UPR initiate autophagy induction but block autophagic flux by impairing lysosomal functions, which aggravates the imbalance of cellular homeostasis and damage to DA neurons.





FUTURE PERSPECTIVES

The accumulation of unfolded, misfolded, and aggregated proteins, and the accumulation induced by cellular stress are essential mechanisms underlying the causes of PD. ER stress/UPR and autophagy, two major pathways that are used to respond to proteostasis imbalance, play especially important roles in PD pathology. In this review, we systematically examined the intrinsic molecular links between ER stress, the UPR, and autophagy, as well as the roles of these cross-links in PD pathology. ER stress, UPR activation, and dysregulated autophagy commonly coexist in patients and various cellular and animal models of PD, and are closely related to DA neurodegeneration caused by PD genetic and neurotoxic factors (Table 1). This is why targeting one of these processes would create a beneficial PD treatment (Moors et al., 2017; Martinez et al., 2019). More importantly, combining both ER stress/UPR and autophagy regulation, such as relieving ER stress/UPR or enhancing the ER folding capacity, and promoting autophagic flux or restoring lysosomal functions will be more neuroprotective for PD (Figure 5). In addition, the ER stress/UPR activation, upregulation of UPR genes, and accumulation of autophagosome markers and autophagic substrates are expected to be useful biomarkers or diagnostic parameters of PD.


TABLE 1. The roles and mechanisms of PD-related factors in ER stress, autophagy and their cross-links.
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FIGURE 5. Proposed model of cross-links between ER stress, autophagy, and DA neurodegeneration. PD-associated genetic and environmental factors trigger ER stress, and ER stress activates the UPR and induces autophagy to alleviate cellular stress. However, these PD-associated factors commonly block autophagic flux and impair lysosomal functions, and these changes synergistically cause severe damage and degeneration of DA neurons. Relieving ER stress/UPR, enhancing the ER folding capacity, promoting autophagic flux, and restoring lysosomal functions are neuroprotective for PD. The combined intervention of ER stress/UPR and autophagy would be a more attractive therapeutic approach for PD.


For example, administration of GSK2606414, a PERK inhibitor, results in effective neuroprotection and prevents loss of SNpc DA neurons in mice that were treated with PD neurotoxin 6-OHDA (Mercado et al., 2018). Gene therapy that restores the folding capacity by administration of viral-mediated overexpression of GRP78 (Gorbatyuk et al., 2012) or UPR transcriptional factor XBP1s (Sado et al., 2009; Valdes et al., 2014) in the SNpc results in neuroprotection against neurotoxin- or genetic factors-induced damage to DA neurons. Rapamycin, an inhibitor of mTOR, initiates autophagy induction, enhances autophagic flux (Rubinsztein and Nixon, 2010), and confers significant protective effects on DA neurons in various PD models (Moors et al., 2017). Additionally, enhancing lysosomal biogenesis by TFEB overexpression or pharmacological stimulation of TFEB function by CCI-779 was shown to eliminate α-SYN oligomers and rescue midbrain DA neurons from α-SYN toxicity in rats (Decressac et al., 2013).

It is notable that PD-associated genetic or environmental factors lead to ER stress and UPR activation, which commonly initiate autophagy. However, these PD-associated factors also block autophagic flux and impair lysosomal functions. An intervention strategy for one of the two processes alone may not completely alleviate the imbalance in cellular homeostasis. However, a combined treatment strategy for both ER stress/UPR and the autophagy pathway has not yet been studied in PD. We recognize that combining ER stress/UPR and autophagy to explore the pathological mechanisms of PD and develop interventional strategies that combine ER stress/UPR and autophagy will be very meaningful in the future.
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Roles and mechanisms in ER stress

a-SYN directly binds to GRP78 to activate
PERK and a-SYN reduces ATF6 processing;
a-SYN oligomers activate the IRE1a-XBP1
pathway; Wild-type and mutant a-SYN affect
RAB1 and disrupts traffic from the ER to the
Golgi; ER stress leads to the accumulation of
a-SYN oligomers.

Parkin is upregulated by ER stress; Parkin
inhibits PERK-mediated ER stress through its
ES ligase activity; Parkin also regulates ER
stress via p53-XBP1 pathway; PINK1 inhibits
ER stress via PERK branch.

LRRK2 is partly localized in ER; LRRK2 and
its pathogenic mutant G2019S phosphorylate
LRS, and cause ER stress; Mutant LRKK2
binds to SERCA and leads to ER Ca?*
depletion to trigger ER stress;

DJ-1 regulates ER stress/UPR by binding to
and stabilizing ATF4 mRNA; Oxidized DJ-1
interact with arginylated GPR78; DJ-1 is
upregulated under ER stress through XBP1
branch.

MPTP/MPPT activates IRE1a, PERK, and
ATF6 branches through enhancing CDK5 and
p38 activity, as well as disturbing ER Ca?*
levels.

6-OHDA activates ER stress/UPR by
phosphorylating PERK and elF2a.

Rotenone triggers ER stress involving
activation of all three branches of PERK,
IRE1a, and ATF6.

Roles and mechanisms in autophagy

a-SYN promotes autophagy induction by
upregulating BECLIN1 and LC3 expression;
a-SYN impairs autophagic flux via RAB1A
inhibition, TFEB sequestration and lysosomal
inhibition; a-SYN is degraded via autophagy and
CMA; Oxidized a-SYN and A53T a-SYN reduce
CMA-mediated proteolysis through binding to
LAMP2A or inhibit p38 activation.

Parkin and PINK1 control mitochondrial
homeostasis by enhancing mitophagy.

LRRK2 and LRKK2-G2019S induce autophagy
initiation by phosphorylating LRS;
LRRK2-G2019S promotes autophagy by
activating ERK; LRRK2 and LRRK2-G2019S
decrease autophagic degradation by regulating
p62 phosphorylation, as well as inhibit
autophagosome and autolysosome formation via
phosphorylating a number of RAB proteins.

DJ-1 promotes ERK-dependent autophagy; Loss
of DJ-1 perturbs paraquat-induced autophagic
initiation by enhancing the mTOR activity; DJ-1
deficiency in microglia impairs
autophagy-mediated p62 degradation and
reduces microglial-mediated a-SYN
phagocytosis. DJ-1 enhances CMA activity
MPTP/MPP* treatment increases autophagy
initiation but blocks autophagic flux, probably
through activating AMPK and ERK activity, and
reducing mTOR activity and lysosomal hydrolase
activity.

6-OHDA treatment elicits autophagy activation by
activating ERK and AMPK activity, as well as
BECLIN1 expression; 6-OHDA promotes
autophagic flux and CMA activity.

Rotenone treatment increases autophagy
induction but inhibits autophagic flux by impairing
lysosomal functions; rotenone increases
mitophagy.

Cross-links

a-SYN-mediated BECLIN1 and LC3
expression via ER stress activation may
be involved in its role in autophagy
induction; The inhibition of RAB
pathway by a-SYN is both involved in
ER stress activation and autophagic
flux impairment.

PERK/ATF4/CHOP induced Parkin, p62
and NBR expression may be involved in
Parkin/PINK1-mediated mitophagy.

LRKK2 and it mutants trigger
autophagy initiation by activating ERK
via LRS-meditated accumulation of
misfolded proteins and ER stress.
LRKK2 and it mutants activate ER
stress and impair autophagic flux may
also through regulating RABs functions.

Oxidized DJ-1 interact with arginylated
GPR78 and facilitate p62-cargo
complexes to phagophore; ER stress
induced DJ-1 upregulation enhances
the CMA or autophagic degradation.

MPTP/MPPT treatment-induced ER
stress and the UPR activation
contribute to autophagy induction.

6-OHDA-activated ER stress/UPR
contributes to excessive autophagy
initiation and autophagic flux.

Rotenone-mediated ER stress/UPR
stimulates autophagy induction.
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